Comparison of dimethyl sulfoxide treated highly conductive poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) electrodes for use in indium tin oxide-free organic electronic photovoltaic devices.
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Introduction
Organic photovoltaic (OPV) devices are attracting increasing interest as a cheap alternative renewable energy source. The OPV device architecture typically comprises of a photoactive layer and blocking or transporting layers sandwiched between two electrodes, with the total device being only a few hundred nanometres thick. Recent advancements, such as new photoactive materials, material stability, and processing onto flexible substrates have highlighted their potential for mass production [1] [2] [3] . The main advantages of OPV devices over their inorganic counterparts are thought to be the high manufacturing speeds and low temperature processing involved. To help maximise these benefits an alternative transparent conductive electrode (TCE) to the widely used indium-tin oxide (ITO) needs to be found. ITO is generally used as the TCE due to its low sheet resistance (R sheet ) and high optical transparency, however the ITO electrode is fabricated by a vacuum sputtering process which is expensive and energy intensive. Additionally, the limited availability and high demand for indium has also contributed to its high cost. A study by Azzopardi et al. attributed 38-51% of the total cost of an OPV device to the ITO electrode [4] . This high cost, along with limited energetic compatibility with frequently used photoactive organic materials, poor flexibility and tendency to crack and/or delaminate, has resulted in a strong interest to find an alternative material for use as the TCE without these disadvantages. Several different materials have been investigated including graphene [5] , carbon nanotubes [6] , thin metal films [7] , metal grids [8] , nanowires [9] , and conducting polymers [10] .
Poly (3,4-ethylenedioxythiophene) :poly(styrenesulfonate) (PEDOT:PSS), an intrinsically conducting polymer, has been extensively studied. PEDOT:PSS first found use as an antistatic layer in photographic film [11] , followed by widespread use as a transparent conductive layer in electroluminescent devices, capacitors, and transistors, and as a hole injection layer in organic light emitting diodes (OLEDs) [10] . In OPV devices, PEDOT:PSS has been extensively used as a hole transport layer as it produces a higher work function than ITO resulting in a better energetic alignment with many commonly used organic electron donor materials [12, 13] . PEDOT:PSS also helps to planarize the inhomogeneous ITO surface thereby improving the interface with the photoactive material [13] . The high transparency, low cost, flexible applications, and compatibility with spray and printing technologies has seen PEDOT:PSS emerge as a particularly promising alternative to ITO despite concerns over its acidity and hygroscopicity [14, 15] .
Despite being considered conductive, the conductivity of PEDOT:PSS films are much lower than that of ITO. Many different methods to improve the conductivity have been reported; these include the addition of a small volume percentage (vol-%) of surfactants [16] , ionic liquids [17] , polyols [18] , and polar organic solvents to the PEDOT:PSS dispersion [19] . The conductivity can also be enhanced by post-treatment of the PEDOT:PSS film. sulphuric acid [20] , and low boiling point organic solvents such as methanol and ethanol used singularly or as a co-solvent can be dropped onto a PEDOT:PSS film [21, 22] . Immersing pre-formed PEDOT:PSS films in a polar organic solvent like ethylene glycol has also been shown to improve the intrinsic conductivity of PEDOT:PSS films [23] . Despite extensive efforts into improving the conductivity, understanding how each respective method affects the PEDOT:PSS conductivity continues to be widely discussed in literature.
Within this wide range of methods, the use of polar organic solvents such as dimethyl sulfoxide (DMSO) and ethylene glycol have been shown to reliably increase the conductivity of PEDOT:PSS thin films. Despite the substantial amount of literature related to explaining the improvement in conductivity the mechanism is still widely debated. Screening effects between PEDOT and PSS chains due to the polar solvent [19] , enhanced charge mobility due to an improved interchain packing and thinner PSS barriers [24, 25] , and a more uniform distribution of PEDOT-rich regions are just some of the proposed mechanisms [26] . Post-treatment of a PEDOT:PSS film by immersion in a polar organic solvent has been shown to turn the film insoluble and improve the conductivity by removing PSS [23, 27, 28] .
While the use of polar organic solvents with PEDOT:PSS, either by addition to the initial dispersion or via a post-film treatment, have been shown to result in conductive films that are suitable for use in OPV devices, few studies have directly compared the two preparation methods. Here we present a direct comparison of two different preparation methods of PEDOT:PSS TCEs treated with DMSO. The DMSO was either added to the PEDOT:PSS solution (PEDOT:PSS ADD ) or the pre-formed PEDOT:PSS film was immersed in DMSO for a predetermined time (PEDOT:PSS IMM ). We demonstrate conductive atomic force microscopy (CAFM) as a powerful tool for investigating the distribution of PEDOT and PSS on the electrode surface, and this is combined with X-ray photoelectron spectroscopy (XPS), ultraviolet-visible spectroscopy (UV-Vis), kelvin probe and contact angle measurements to allow further insight into the effect DMSO has on the PEDOT:PSS electrode. A well characterised photoactive system, the poly(3-hexylthiophene): [6, 6] -phenyl-C 61 -butyric acid methyl ester (P3HT:PCBM) bulk hetrojunction, was then used to study the effect both treatments have on the resulting OPV device performance. OPV devices using PEDOT:PSS IMM electrodes slightly out performed those using PEDOT:PSS ADD electrodes. This promising device performance for DMSO treated PEDOT:PSS electrodes combined with their lower cost indicate the possibility of using PEDOT:PSS as an alternative TCE in low cost roll-to-roll processed OPV devices.
Experimental details

Preparation and characterisation of the PEDOT:PSS electrodes
PEDOT:PSS (Clevios PH1000) dispersions purchased from Heraeus Holding GmbH were prepared prior to spincoating onto glass substrates (12 Â 12 mm) that were cleaned by a four-step solvent cleaning process, followed by an ultraviolet/ozone treatment to remove any carbon residues. The PEDOT:PSS ADD solution was prepared by adding DMSO (5 vol-%) to the as-bought PEDOT:PSS dispersion. Untreated PEDOT:PSS (PEDOT:PSS UT ) and PEDOT: PSS IMM electrodes were formed using as-bought PEDOT:PSS. Each solution was filtered (0.45 lm, PVDF) at room temperature onto the glass substrate and spin-coated at 2000 RPM for 60 s. The electrodes were then annealed on a hot plate at 110°C for 20 min in an ambient atmosphere. The PEDOT: PSS IMM films were then cooled to room temperature, and then immersed in DMSO for 30 min before being placed on a hot plate at 110°C until dry. All films were allowed to cool to room temperature before further measurements were carried out.
The R sheet of the electrodes was measured using the fourpoint probe Van der Pauw method with a Keithley 2400 sourcemeter current source and Fluke 179 True RMS multimeter. UV-Vis electronic absorption spectra were obtained using a Perkin-Elmer 25 spectrometer. PEDOT:PSS films were spin coated at 2000 RPM onto pre-cleaned quartz substrates for UV-Vis measurements. XPS measurements were taken using a monochromated X-ray Al Ka source (Omicron XM 1000, ht = 1486.6 eV) and the photoelectrons were detected with an Omicron Sphera electron analyser in an ultra-high vacuum system with a base pressure of $2 Â 10 À11 mbar. All XPS spectra were referenced to the C-(C, H) peak observed in the C 1s region at 284.6 eV, and fitted in CasaXPS using a Shirley background and mixed Gaussian-Lorentzian lineshapes for oxygen and sulphur. Asymmetric lineshapes were required for the PEDOT components in the S 2p region [29] , achieved via the use of Gaussian-Lorentzian lineshapes modified by an exponential blend on the high binding energy tail. AFM images were obtained using an Asylum Research MFP-3D (Santa Barbara, USA) in AC mode. The MFP-3D was fitted with an ORCA integrated tip-holder and current preamplifier (20 nA) for CAFM measurements. Both the topography and current distribution images were obtained simultaneously using Au/Cr coated cantilevers (Olympus TR400 PB, tip radius < 40 nm, spring constant 0.02 N m
À1
). Surface work function measurements were obtained using a kelvin probe under a nitrogen atmosphere and referenced to freshly cleaved highly ordered pyrolytic graphite. A Krüss drop shape analyser system DSA100 with tilting table was used to carry out contact angle measurements under an ambient atmosphere.
Fabrication and characterisation of OPV devices
OPV devices were fabricated using the three PEDOT:PSS electrodes and the ITO (Thin Film Devices, 145 nm thick, R sheet < 15 O sq À1 ) electrodes. A less conductive PEDOT:PSS dispersion (Clevios P VP 4083, Heraeus, PEDOT:PSS HTL ) was filtered (0.45 lm, PVDF) and spin-coated (3000 RPM, 60 s) on top of the ITO electrode and annealed as above. The P3HT:PCBM photoactive layer was prepared by stirring 20 mg mL À1 of P3HT (regioregular, Reike Metals) and PCBM (99.5%, Solenne BV) in 1,2-dichlorobenzene at 40°C for 24 h. The P3HT:PCBM solution was then filtered (0.2 lm, PTFE) and spin-coated at 800 RPM for 60 s onto the respective electrodes. The spin-coated films were covered with a petri dish lid to dry slowly, and once dried the films were annealed at 120°C for 20 min to form an active layer thickness of $130 nm. All P3HT:PCBM processing steps were performed in a nitrogen environment. The substrates were then transferred into a Kurt J. Lesker Spectros system where bathocuproine (BCP, Aldrich, 8 nm) was vapour deposited on top of the P3HT:PCBM films. The aluminium (Al) top contact was deposited through an electrode shadow mask to give an active area of 0.06 cm 2 . Current-density (J-V) measurements were recorded using a Keithley 2400 sourcemeter with simulated AM1.5G solar illumination at 100 ± 2 mW cm À2 (1.00 ± 0.02 sun), calibrated for each device using a Fraunhofer calibrated silicon photodiode (PV Measurements Inc.). External quantum efficiency measurements (EQE) were carried out using a Sciencetech SF150 xenon arc lamp and a PTI Monochromator, calibrated with a Si photodiode (Newport 818-UV). The signal was detected with a current-voltage amplifier (Femto DHPCA-100) and lock-in amplifier (Stanford Research SR 830 DSP).
Results and discussion
The R sheet value for the PEDOT:PSS UT [23, 28, 30] . Neither DMSO treatment resulted in a significant change in transmittance across the visible region, indicating very little PEDOT was removed, as seen in Fig. 1 . The inset of Fig. 1 shows the absorption peak at 225 nm, attributed to absorption from the phenyl rings in the PSS [31] . A similar absorption peak was seen for both PEDOT:PSS UT and PEDOT:PSS ADD electrodes, but a large decrease was observed for the PEDOT:PSS IMM electrodes. This coupled with the film thickness measurements indicates that immersing a PEDOT:PSS film in DMSO removes a large amount of PSS from the film.
XPS was used to investigate the near-surface PSS content in relation to PEDOT for each PEDOT:PSS electrode. The S 2p and O 1s regions for the PEDOT:PSS UT electrodes are shown in Fig. 2a and b respectively. The peaks were deconvolved following previous work by Greczynski et al. [29, 32] . The S 2p spectrum shows three main chemical species, two that were assigned to the PSS component ( Fig. 2d and e ) and one to PEDOT (Fig. 2f) , allowing the near surface PEDOT-to-PSS ratio to be determined. The lower binding energy peaks at 164.0 eV and 165.1 eV correspond to the spin-orbit contributions from the S 2p 3/2 and S 2p 1/2 levels from the PEDOT. Asymmetric tails are seen on the higher binding energy side of the two PEDOT components due to the cationic charge of the PEDOT:PSS + being delocalised over several adjacent thiophene rings. The broad higher binding energy peak near 168 eV is assigned to the PSS sulphur atoms and can be split into PSSH and PSS corresponds to the PSS À -Na + (green line) with the S 2p 3/2 peak at 168.0 eV and the S 2p 1/2 peak at 169.2 eV. The O 1s spectra (Fig. 2b) again allows the PEDOT and PSS components to be resolved. The peak at 533.3 eV is due to the oxygen atoms in the dioxyethylene bridge in PEDOT. Two PSSH components can be seen (yellow line), the major peak at 532.1 eV corresponds to the oxygen atoms in the sulfonic groups and the broader minor peak at 533.4 eV originates from the hydroxyl oxygen atoms. The intensity ratio of 2:1 agrees with the chemical composition of PSSH. The peak due to the PSS À -Na + component can be seen at 531.6 eV. The other peaks at higher binding energies are assigned to carbon monoxide and residual water contaminants. The PEDOT-to-PSS ratio obtained from the S 2p and O 1s spectra for the PEDOT:PSS UT electrodes were in good agreement at 1:2.4 and 1:2.6 respectively. The peak deconvolutions were kept constant for both the PEDOT:PSS ADD and PEDOT:PSS IMM electrodes, giving ratios of 1:2.2 and 1:1.5 respectively, as can be seen in Fig. 2c and Table 1 . This corresponds to decreases of 12% and 40% in the PSS component of the near-surface region for PEDOT:PSS ADD and PEDOT:PSS IMM electrodes respectively. The information depth was estimated to be $8 nm, given the inelastic mean free path of 27 Å for S 2p electrons through the material, and the 90 degree take-off angle (with respect to the surface plane) employed in this work [33] . This complements the UV-Vis spectra (inset Fig. 1) , showing that a post-treatment immersion with DMSO results in a large decrease in the surface PSS content.
Since excess PSS is reported to segregate to the top of PEDOT:PSS UT thin films [25, 32] , CAFM was used to investigate how this segregation effects the homogeneity of the conductivity of the PEDOT:PSS electrode surfaces. Fig. 3 shows simultaneously obtained CAFM topography, current distribution maps and histograms of the PEDOT:PSS UT , PEDOT:PSS ADD and PEDOT:PSS IMM electrodes. PEDOT:PSS UT electrodes have a smoother surface topography with a surface roughness of 0.9 nm compared to PEDOT:PSS ADD and PEDOT:PSS IMM , which both have a slightly larger surface roughness of 1.2 nm. However, a stark difference in the current distribution maps (Fig. 3d-f) is seen between the PEDOT:PSS electrodes, which is further illustrated by the current distribution histograms (Fig. 3g-i) for each image. The PEDOT:PSS UT electrode surface consists predominantly of non-conducting regions with randomly scattered conductive grains 12-26 nm in diameter, as previously reported [34] [35] [36] . The conductive regions (see supplementary information S.I. 1c) are assigned to surface regions of PEDOT, with the insulating areas attributed to PSS. The conductive regions appear to be independent from the topography, showing that PEDOT does not follow any topological features, and is randomly distributed during film formation (S.I. 1d). When compared to PEDOT:PSS UT electrodes, the surface of PEDOT:PSS ADD be more easily seen from the current distribution histograms. Fig. 3d and g show that the vast majority of the PEDOT:PSS UT surface is non-conductive, with a large peak at 0 nA in the current distribution (Fig. 3g) , and only a small proportion of the electrode surface showing conductive character. For the PEDOT:PSS ADD electrodes ( Fig. 3e  and h ), the current distribution map and histogram show a distribution of conductivities. The proportion of non-conductive regions is greatly reduced to less than a third of that of PEDOT:PSS UT . A new dominant peak 0.64 nA, can be seen due to the conductive nature of the surface. This peak represents the saturation current of the measurement and does not representative a quantitative value but rather gives a qualitative indication of areas of high conductivity on the film surface. However, a significant part of the electrode surface shows an intermediate conductive behaviour between the peak at 0 nA and the peak at 0.64 nA, which is not as insulating or conductive as other regions. The PEDOT:PSS IMM electrodes display a peak at 0.64 nA in the current distribution histogram (Fig. 3i ) of a far greater magnitude, with no discernable peak at 0 nA. The current distribution map (Fig. 3f ) also indicates the electrode has the largest coverage of conductive regions. The intermediate behaviour, shown by the PEDOT:PSS ADD electrodes, is not seen for PEDOT:PSS IMM electrodes with the majority of the electrode surface displaying conductive behaviour. Both DMSO treatments improve the conductivity of the PEDOT:PSS electrodes by a similar magnitude compared to PEDOT:PSS UT , however the CAFM, XPS and UV-Vis studies all show that the enhancement is a result of different modifications to the film. Immersing PEDOT:PSS films in DMSO removes excess PSS from the film, particularly in the near surface region [22, 28, 38] . The removal of PSS creates a more homogeneous and conductive surface. Adding DMSO to the PEDOT:PSS solution is thought to cause the PEDOT and PSS to rearrange into a more favourable conformation within the film [18] . Studies have suggested that this results in an expanded and more linear PEDOT chain conformation thereby increasing intra and interchain charge carrier mobility or a better three-dimensional network leading to favourable conduction pathways [27, 37, 38] .
The work function of the PEDOT:PSS electrodes was measured using Kelvin probe under a nitrogen environment. The work function decreased from 5.2 eV for both the PEDOT:PSS UT and PEDOT:PSS ADD electrodes to 4.9 eV for the PEDOT:PSS IMM electrodes. This decrease in work function is consistent with the removal of PSS from the PEDOT:PSS film surface due to the removal of the surface dipole, as shown previously by Nardes et al. [18] . The change in surface composition also resulted in a change in the surface energy between PEDOT:PSS ADD and PEDOT:PSS IMM electrodes, as shown in Fig. 4 . The PEDOT:PSS ADD electrodes have a more hydrophilic surface with a contact angle of 27°whereas PEDOT:PSS IMM electrodes, with a lower concentration of PSS on the surface, have a higher contact angle of 59°. The surface energy of the substrate has been shown to affect the segregation of the subsequently spin-coated polymer blends, with a lower surface energy substrate favouring the lower surface energy blend component [39] . The three PEDOT:PSS electrodes were directly compared to an ITO/PEDOT:PSS HTL reference in OPV devices with the following architecture: electrode/P3HT:PCBM/ BCP/Al. This extensively studied bulk heterojunction system provides a reliable indication of OPV device performance and the feasibility of using the different PEDOT:PSS electrodes as a replacement for ITO. A less conductive PEDOT:PSS dispersion (PEDOT:PSS HTL ) was used as an interfacial layer between the ITO electrode and the P3HT:PCBM photoactive layer [12] .
The film thicknesses for the ITO/PEDOT:PSS HTL , PEDOT:PSS UT , PEDOT:PSS ADD and PEDOT:PSS IMM electrodes were first separately optimised by varying the spin speed during spin coating to give optimum device performance (data not shown) before direct comparison. The PEDOT: PSS HTL layer was spin coated at 3000 RPM to give a film thickness of 37 nm on top of the ITO electrode, the PEDOT:PSS UT electrode was spin coated at 2000 RPM to give a film thickness of 90 nm and the PEDOT:PSS ADD and PEDOT:PSS IMM electrodes were spin coated at 3000 RPM and 2000 RPM to give film thicknesses of 68 nm and 58 nm respectively. The annealing process was kept the same for all electrodes; after spin coating with the appropriate PEDOT:PSS dispersion the substrates were annealed at 110°C for 20 min. The films were then allowed to cool before being immersed in DMSO or being transferred into the glovebox. The transmittance spectra for the optimised electrodes on glass are shown in S.I. 2. Multiple devices were made and tested over a five month period, the averaged current density-voltage (J-V) curves are shown in Fig. 5 and the averaged device parameters including the standard deviation are summarised in for PEDOT:PSS IMM . This improvement in J sc can also be seen from the external quantum efficiency (EQE) results shown in S.I. 4. As there is no apparent change in the P3HT:PCBM morphology (S.I. 5), film thickness or absorbance, we propose the following as possible explanations for this 10% increase in J sc for PEDOT:PSS IMM over PEDOT:PSS ADD electrodes. PEDOT:PSS IMM electrodes have a lower PSS surface coverage than PEDOT:PSS ADD electrodes. This reduction in the insulating PSS layer could result in a more efficient and homogeneous charge extraction by the PEDOT:PSS IMM electrode. The increase in J sc could also possibly be due to a change in the P3HT:PCBM blend segregation. It is well known that phase segregation occurs in polymer blends and the lowest surface energy component (in this case P3HT) segregates to the free interface [40] . At the substrate/blend interface, however, the segregation is partly affected by the surface energy of the substrate. Substrates with a lower surface energy have been shown to favour lower surface energy components allowing minimisation of the free energy [41, 42] . With PEDOT:PSS electrodes, we suggest that the lower surface energy of PEDOT:PSS IMM electrodes promotes accumulation of P3HT towards the substrate/blend interface. This more favourable phase segregation for this regular P3HT:PCBM device architecture could result in a more efficient charge transport and collection enhancing the J sc .
Conclusions
We have shown that the conductivity of PEDOT:PSS films can be further enhanced by treatment with the polar organic solvent DMSO. Two different DMSO treatmentsaddition and immersion -were explored in relation to the PEDOT and PSS composition on the electrode surface. Both PEDOT:PSS ADD and PEDOT:PSS IMM electrodes produced films with a similar R sheet , but the treatments modified the PEDOT:PSS films in different ways. Immersing a PEDOT:PSS film in DMSO resulted in a large reduction in the amount of PSS seen on the electrode surface whereas adding DMSO to the PEDOT:PSS dispersion is thought to cause the PSS to rearrange within the film.
The effect of the different electrode treatments on P3HT:PCBM OPV device performance was also studied and compared to an ITO/PEDOT:PSS HTL reference device. OPV devices fabricated on PEDOT:PSS IMM electrodes outperformed those based on PEDOT:PSS ADD electrodes. The larger PCE obtained on PEDOT:PSS IMM electrodes was mainly due to an increase in J sc . This study has indicated the potential for PEDOT:PSS electrodes as a possible low cost alternative electrode in OPV devices, while still obtaining a reasonable OPV device performance. Additionally, it highlights that while treatments may have a similar effect on the PEDOT:PSS conductivity, subtle differences in the electrode surface may make one treatment more compatible with a photoactive system than another. 
